Satellite based quantum communication has been proven as a feasible way to achieve global scale quantum communication network [1] [2] [3] [4] [5] [6] [7] [8] [9] . Very recently, a low-Earth-orbit (LEO) satellite has been launched [10] for this purpose. However, with a single satellite, it takes an inefficient 3-day period[11] to provide the worldwide connectivity. On the other hand, similar to how the Iridium system [12] functions in classic communication, satellite constellation (SC) composed of many quantum satellites, could provide global real-time quantum communication. In such a SC, most of the satellites will work in sunlight. Unfortunately, none of previous ground testing experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] could be implemented at daytime. During daytime, the bright sunlight background prohibits quantum communication in transmission over long distances. In this letter, by choosing a working wavelength of 1550 nm and developing free-space single-mode fibre coupling technology and ultralow noise up-conversion single photon detectors [13] , we overcome the noise due to sunlight and demonstrate a 53-km free space quantum key distribution (QKD) in the daytime through a 48-dB loss channel. Our system not only shows the feasibility of satellite based quantum communication in daylight, but also has the ability to naturally adapt to ground fibre optics, representing an essential step towards a SC-based global quantum network.
A SC is expected to operate in LEO satellites, or high-Earth-orbit satellites such as geosynchronous orbit (GEO) satellites. The probability of a satellite being in the Earth shadow zone drops rapidly with increasing orbit height (Fig 1) . A LEO satellite system has a 70% probability being in the sunlight area, and for GEO satellite, this probability rise to 99% in the sunlight area [14] . Meanwhile, the total channel loss between a LEO satellite and the Earth and between LEO satellites is typically around 40-45 dB [15, 16] . Therefore, in order to test the feasibility of an SC based quantum network, quantum communication through at least a ≥40-dB loss channel in daylight case is critically required.
There have been several pioneering experiments on daylight quantum communication prior to our work [17] [18] [19] [20] [21] [22] [23] . Although the experiments were novel, the maximum loss calculated from them was only 20 dB. The main cause of the unsatisfactory performance was the strong background noise from the scattered sunlight, which was typically 5 orders of magnitude greater than the background noise during the night time [24] . To reduce this noise, we first switched the working wavelength to 1550.14 nm from the 700-800 nm used in all previous experiments.
1550 nm is also known to be an atmospheric window. In fact, the transmission efficiency is slightly higher at 1550 nm than at 800 nm as shown in Fig 1 a, and from the solar spectrum in Fig 1 b, we can see that the sunlight intensity at 1550 nm is around 5 times weaker than it is at 800 nm. Furthermore, the main type of scattering for links either between a satellite and the Earth or between two satellites is Rayleigh scattering, whose intensity is proportional to 1/λ 4 . Therefore, Rayleigh scattering at 1550 nm is only 7% of its value at 800 nm. In total, the background noise with 1550 nm light can be reduced to 3% of the background noise with 800 nm light. We measured the noise count rate of 1550 nm light in the daylight case by pointing a telescope at the sky to simulate satellite-to-Earth communication. The result is was smaller by a factor of 22.5[ †] to the case of 850 nm light. Moreover, 1550 nm is the telecom-band wavelength and is widely used for fibre-optical communication. Using the same wavelength for both free-space and fibre-optical communication is an optimal choice.
[ †]Note that without a satellite, all existing free-space experiments, including this work, were implemented on the Earth, where the direction for the free-space communication is parallels to the Earth, rather than pointing at the sky. In this condition, Mie scattering, which does not follow the 1/λ 4 relation, will be the main noise source instead of Rayleigh scattering.
Despite the advantages of 1550 nm, researchers have been reluctant to use this wavelength due to lack of good commercial single-photon detectors for the telecom-band. Here we have developed a compact up-conversion single-photon detector (SPD) [13] (Fig 2e) . In the upconversion detector, a telecom-band photon is mixed with a strong pumping signal of 1950 nm in a wavelength division multiplexing (WDM) coupler and then sent to a fibre-pigtailed periodically poled lithium niobate (PPLN) waveguide. The generated photons are collected by an anti-reflectively-coated objective lens, and are then separated from the pump and the spurious light by a dichroic mirror, a short pass filter and a bandpass filter. A volume Bragg grating(VBG) with 95% reflection efficiency is exploited to further suppress the noise from both spontaneous Raman scattering generated in the nonlinear process and the sunlight background. In our setup, the VBG filter's spectral bandwidth is 0.05 nm at a centre wavelength tunable near 864 nm (full width at half maximum), corresponding to a bandwidth of 0.16 nm at the signal wavelength. Finally, the SFG photons are collected and detected by a Silicon APD. Using a pump power of 200 mW, the total-system detection efficiency is 8%, with an average dark count rate of approximately 20 Hz, which is the same as the intrinsic dark count of the Si APD. Note that, in all previous daylight experiments, narrow band filters, including Fabry-Perot cavities and atomic vapours [19, 21] were exploited to reduce the noise. For our experiment, the phase matching condition and VBG of the detector itself realize spectrum filtering, and no additional filters are needed.
To further improve the signal-to-noise ratio, we developed single-mode fibre coupling technology for spatial filtering. We reduce the receiving aperture by single-mode fibre coupling to improve the signal-to-noise ratio, making use of the fact that the signal light propagates in certain direction while the scattered sunlight is isotropic (Fig 2 c) . The receiving angle of our system was 6 µrad, with a whose corresponding receiving field that was two orders of magnitude smaller than in previous experiments [2, 4, 5] . Compared with previous free space experiments that used many optical elements [6, 7] , we used the least amount of optics to design the receiving telescope and to reduce the optical attenuation and abbreviation.
The focus length of the off-axis primary mirror was set to 2000 mm in order to optimize the single-mode fibre coupling efficiency. We put only one fast-steering mirror (FSM) and one dichroic mirror (DM) between the primary mirror and the single-mode fibre, with which we also developed an optical tracking system (see method) with 300Hz feedback frequency to stabilize the single-mode fibre coupling. With this setup, we could obtain a single-mode fibre coupling efficiency of over 30% in the lab (with 0.08µrad tracking precision). While in the outdoor experiment, the single-mode fibre coupling efficiency was reduced to 5% by horizontal air turbulence (with 3µrad tracking precision). Here, we would like to emphasize that 5% efficiency is still much higher than the 0.1% efficiency in previous experiments [25] .
Furthermore, in future ground-to-satellite experiments, we will receive signals vertically and the turbulence is avoided. A efficiency of 30%, similar to that in the lab test, can be expected. • 52 59.9 ), Qinghai Province.
At the sending terminal, we developed a 1550-nm light source with a decoy scheme [26] [27] [28] . We used four DFB lasers with a central wavelength at 1550.14 nm and full-width-athalf-maximum (FWHM) of 0.02 nm to emit 500 ps pulses. We created a standard BB84
source by combining the pulses with two polarizing beam splitters (PBS), one beam splitter (BS) and one variable optical attenuator. At a clock frequency of 100 MHz, the source randomly generate one of the four polarization states, |H , |V , |+ , |− with one of three average photon numbers per pulse, (0.6, 0.14, 0). Here |H /|V represents horizontal/vertical polarization, |+ = (|H + |V )/ √ 2 and |− = (|H − |V )/ √ 2. The intensity of the signal state was 0.6 per pulse. We used two decoy states, one was the vacuum state and the other was the state with average photon number 0.14. The probability ratio of the one signal and the two decoy states is 2:1:1. All random control signals were generated at a high-speed by a random number generator. After that, the signal was coupled into the single-mode fibre and collimated out into free-space with a triplet collimator (TC), and then sent to the telescope that was mounted on a 2-dimensional platform (Fig 2 b) . We minimized the sending divergence angle of the 1550 nm beam to reduce geometric loss. We chose a SchmidtCassegrain type system with a d=254 mm primary mirror for sending as the divergence angle is proportional to the wavelength and inversely proportional to the primary mirror's size.
The measured divergence angle was 12 µrad which is very close to the diffraction limit and four times smaller than our previous sending system [6] .
At the receiving terminal, the signal light was collected by a receiving telescope as shown four up-conversion SPDs were used for detection (Fig 2 d) . All detected signals were to be fed into a time-to-digital converter (TDC) for analysis. The time window was set to 1 ns, for timely filtering of the noise as in previous experiments [18, 20] . We also developed an efficient self-synchronized system based only on GPS, which could reduce the noise and attenuation better than previous pulsed-laser synchronization systems [4] .
In our QKD experiment, Alice and Bob extracted the final secure key out of the raw data following a standard decoy BB84 post-processing procedure [27] [28] [29] . The final key rate formula is
where q = 1/2 is the basis reconciliation factor, p µ is the probability for emitting signal states, Q µ and E µ are the gain and the error rate of the signal states, respectively and f is the error correction efficiency. The low-density parity-check (LDPC) code was used for error correction, with H 2 (e) = −e log 2 (e) − (1 − e) log 2 (1 − e) being the binary Shannon entropy function, and Q 1 (e 1 ) being the gain (phase error rate) when source generate single-photon states. We run our QKD system for 464 seconds. The results are listed in Table I . The final key rate was 20-400 bits per second. The variation of the final key rate was mainly due to the channel loss changes in the atmospheric environment. We did and also repeated QKD experiments from 15:30 to 16:30 at local time for several sunny days. The total key size was larger than 10 5 bits in 10 minutes.
We remark that the internal modulation of the decoy/signal states guaranteed our system security against photon number splitting [30, 31] and unambiguous-state-discrimination attack [32] . The total loss over our 53-km-free-space QKD was 48 dB, which consisted of a 14 dB single-mode fibre coupling loss and 34 dB channel loss (including geometric loss, air attenuation, receiving loss, and detection loss). Our experiment showed the success of QKD through a 48 dB loss channel, which offers strong support for an SC based quantum network.
In summary, we successfully demonstrated a 53-km free space QKD in daylight. With a working wavelength of 1550 nm, up-conversion SPD and single-mode fibre coupling, we offer a solution to the problem of quantum communication in daylight. Our work proves 6 the feasibility of a LEO quantum SC which works mostly in the daylight. Moreover, our work also offers an optimal option for a global quantum network consisting of a quantum SC and the existing ground fibre networks. Our free space single mode coupling technology is also very useful for both free-space quantum communication and laser communication applications such as measurement-device-independent QKD [33] , quantum teleportation [34] , quantum repeaters [35] , quantum metrology [36] , homodyne coherent detection [37] in laser ranging. Moreover, the SC based quantum network can also find rapid application in precisely sharing timing information globally [38] .
The communication distance and secure key rate still have room to improve. The system's repetition rate can be increased by increasing the up-conversion detector rate, which may become as large as 2 GHz [39] . With cavity-enhanced Si APD, we can increase the efficiency of the up-conversion detector to improve the secure key rate. Meanwhile, for future satelliteto-ground communication with a very small zenith angle, Rayleigh scattering will dominate, and we could have an even better signal-to-noise ratio than i n our ground experiment with 1550-nm light.
pointed to the receiving site. We manually align the parabolic mirror to make sure that the green laser spot locates at the mirror's center. Then a 2 W, 671 nm beacon laser, coaxially equipped with the receiving telescope, is pointed to the sending site. In the sending sites, a wide-field camera is installed behind the guide scope to take photos of the red beacon light.
The photo information is fed to the two dimensional sending platform, which shall align the telescope's direction to achieve an optimal tracking of the 671 nm beacon light. This constitutes the coarse tracking system in sending site. The fine tracking system consists of a beam splitter (BS), a fast steering mirror (FSM), a interference filter (IF), and a complementary metal oxide semiconductor (CMOS) imaging sensor, as is shown in Fig 2. The BS is used to collect the 671 nm beacon light to fine tracking CMOS sensor, while FSM is used to fine adjust optical path according to a correction program through the image information obtained by the fine tracking CMOS imaging sensor.
In the sending site, except for the 532 nm laser, we also equipped two additional beacon OSAs are self-calibrated in advance. After the link is established, a strong light (about 1 W optical power) at 1548 nm is sent from the transmitter to the receiver. With OSAs, the wavelength is precisely measured at the two terminals. After all, the wavelength for the source and detector is calibrated with a precision smaller than 0.01 nm at distance. proportional to the orbit height of the satellite; a) Transmittance spectra from visible to near infrared light in atmosphere at selected zenith angles; b) Solar radiation spectrum from visible to near infrared light.
